ALBUMIN SYNTHESIS, STRUCTURE, AND FUNCTION
Albumin (Alb) is the most abundant protein in human serum.
1
Alb is synthesized in hepatocytes, first as a prepro-albumin, which contains 609 amino acids. The N-terminal signal peptide (positions 1−18) is removed in the lumen of the endoplasmic reticulum to produce pro-albumin, which is subsequently cleaved (positions 19−24) in the Golgi vesicles to produce the mature Alb, a single polypeptide chain of 585 residues (positions 25−609) with a molecular weight of 66 438 Da.
1,2
In healthy adults, Alb synthesis occurs almost exclusively in hepatocytes (∼0.2 g/kg body weight per day) and accounts for 10% of total liver protein synthesis. 3 The mean concentration of Alb in the plasma of adults is approximately 43 mg/mL (∼0.6 mM), accounting for 50%−60% of total plasma proteins in healthy adults. 1 The catabolism of Alb takes place primarily in muscle, skin, and the liver, resulting in a serum half-life of approximately 19−25 days. 2 The acidic amino acid residues exceed the basic ones, resulting in a high net negative net charge at physiological pH (62 Glu + 36 Asp versus 59 Lys + 24 Arg) which facilitates the solubility of Alb. Thirty-four of the Cys residues form 17 intramolecular disulfide bridges; the only free Cys residue is situated at position 34. The reduced form of Alb (Alb-SH) is also known as human mercaptalbumin. The disulfide bridges significantly contribute to the stability of Alb and its long biological lifetime. 1 This pattern of disulfide bridges occurs for Alb in all vertebrates.
1,2 The Cys34 residue of Alb resides in a microenvironment close to three ionizable residues, Asp38, His39, and Tyr84, which affect the ionization state of Cys34 resulting in an unusually low pKa value of ∼6.5 compared to pKa values of about 8.0−8.5 for Cys residues in many other proteins or peptides. 4, 5 As a result, the Cys34 of Alb is present predominantly as the thiolate anion at physiological pH. The low pKa for Alb-Cys34 explains its high reactivity with many oxidants and electrophiles. 6 Approximately 70%−80% of total plasma Alb in adults contains the reduced sulfhydryl group of Cys34 with the remainder present as reversible mixed disulfides with low-molecular-weight thiols, such as cysteine, homocysteine, cysteinylglycine, or glutathione. 7−11 The Cys34 of Alb is a potent scavenger of free radicals, and the sulfenic acid of Alb-Cys34-OH is thought to be a central intermediate in the formation of mixed disulfide Alb species in vivo. 12 The S-thiolated oxidized form of Alb (Alb-SSR) is called nonmercaptalbumin. The Cys34 residue of Alb covalently binds a wide number of endogenous ligands, metal ions, and nitric oxide. 13−15 Because of its high abundance, metal-binding capacity, and redox properties, the Cys34 of Alb is the predominant antioxidant in plasma.
1 The Met87, Met123, Met298, Met329, Met446, and Met548 residues of Alb also contribute to antioxidant activity. 13 The secondary structure of Alb is dominated by α-helices (68%), without any β-sheets. Alb contains three homologous domains designated as I (amino acid residues, 1−195), II (196−383) , and III (384−585) (Figure 1 ). Each domain is further divided into subdomains A and B, which are composed of six and four α-helices, respectively. These subdomains possess common structural motifs, which are comparable in the amino acid sequence and in the secondary and tertiary structure. 13 The tertiary structure of Alb is arranged in a globular Figure 1 . Three-dimensional structure of Alb (1A06.pdb) with the subdomains (I−III) and depiction of several reactive nucleophilic amino acid residues, which are displayed as spheres. The structure was obtained with PyMOL software.
heart-shaped conformation ( Figure 1 ) and largely maintained even in the presence of a wide variety of ligands. 16, 17 Alb is critical for maintaining colloidal osmotic pressure and reversibly binds hormones, nonesterified long chain fatty acids, cholesterol, billirubin, hemin, and many xenobiotic compounds, including therapeutic drugs.
1, 18 Many commonly used drugs contain acidic or basic functional groups, such as warfarin, diazepam, and ibuprofen. These drugs usually bind noncovalently at one of two primary binding sites designated as I and II, which are located in subdomains IIA and IIIA, respectively. 16, 19 The noncovalent binding of endogenous biochemicals and many drugs is driven by their hydrophobic, hydrogen bonding, π−π, and ionic interactions with the different microenvironments of Alb. Site I is often referred to as the warfarin site, and typically large, heterocyclic, and negatively charged drugs bind to this site, whereas small, aromatic, carboxylic acid drugs such as diflunisal and ibuprofen, and basic drugs, including diazepam that exist mainly in the un-ionized form at neutral pH bind with high affinity to site II. 18 The ability of drugs to reversibly bind to Alb improves their solubility, and as result, Alb plays a major role in their transport throughout the human body. Some of the drug binding properties of Alb can also influence the sites of covalent adduction of toxicants. 20 A number of excellent reviews have been published on Alb from structure to function and drug binding properties of Alb.
1−3,13,18,21
INTRODUCTION TO HUMAN BIOMONITORING AND HISTORY OF PROTEIN ADDUCTS OF TOXICANTS
Many xenobiotics or their metabolites can react with proteins and DNA to form covalent adducts. Some protein chemical adduction products can lead to allergenic and other toxic effects, 22, 23 while DNA adduct formation can lead to mutations and the initiation of cancer. 24 The role of DNA adducts in chemical carcinogenesis was established in the 1960s and 1970s. 25−28 The covalent binding of drugs to proteins as a mechanism of toxicity emerged in the early 1970s with a series of studies conducted with acetaminophen, using covalent binding of the 14 C-radiolabeled molecule to liver proteins. 29−31 These studies showed that reactive electrophilic intermediates, largely products of cytochrome P450 metabolism, 32, 33 damage proteins and can lead to toxicity.
During the 1970s−1980s, investigations rapidly advanced on the characterization of reactive metabolites of carcinogens and other xenobiotics with DNA, blood proteins, and low molecular weight compounds such as glutathione in biological systems. 34−39 The development of analytical methods to measure protein toxicant/carcinogen adducts in humans advanced by the late 1970s and 1980s, when laboratories employed adducts to hemoglobin (Hb) and Alb to assess carcinogen exposure. 37,40−43 Since these hallmark studies, the mechanisms of enzymatic bioactivation of chemicals and the analytical methods used to measure protein toxicant adduct formation have evolved and are routinely applied to the preclinical safety assessment of drugs. Alb is used as a target protein to prescreen potentially toxic drug-candidates . 23, 44, 45 The enzymatic formation of reactive metabolites is a major topic of research in pharmacology and toxicology. 46, 47 The formation of reactive metabolites from different functional groups of xenobiotics that react with proteins and other deleterious effects are shown in Figure 2 .
The paradigm of biomonitoring of toxicants and their ensuing biological effects in risk assessment of chemicals has been the roadmap of mechanistic studies for two generations of researchers. The chemical and biological end points include (1) external exposure: air, skin, food, and water. (2) Internal exposure: e.g., parent compound or metabolite thereof in urine or blood. (3) Biologically effective dose: e.g., protein-and DNA-adducts. (4) Early biological effects: e.g., micronuclei, p53 mutations. (5) Late biological effects: e.g., altered cell structure and/or function, and (6) tumor or other diseases. 48 In chemical carcinogenesis, the detection of DNA-adducts is of primary importance in the identification of chemical exposures that may contribute to the etiology of cancer. 49 The measurement of DNA adducts in target organs of potential carcinogens is the most direct method to assess the genotoxic potential of a chemical. However, such studies are usually not feasible in humans because of the lack of accessible tissues. Therefore, researchers have sought readily available biospecimens and alternative biomarkers that may serve as surrogate measures of DNA damage. 50, 51 In 1974, Lars Ehrenberg demonstrated that there was a correlation between DNA adducts formed in target organs of mice given ethylene oxide and Hb adducts in blood. 50 Subsequently, the N-terminal valine of Hb was shown to react with ethylene oxide and then to a number of other alkylating agents. 52 The reactivity of Hb with aromatic amines and production of methemoglobin by genotoxic arylhydroxylamines has also been well studied and reviewed. 53, 54 Pereira et al. showed a linear relationship between Hb-adducts and DNA-adducts for 2-acetylaminofluorene in mice and rats. 55 Hb adduct formation for many aromatic amines occurs as a sulfinamide linkage formed by reaction of the arylnitroso intermediates with the β-Cys 93 chain of Hb. 56−60 These adducts undergo hydrolysis with base or acid in vitro, and the liberated amines can be assayed by GC methods. 61 The determination of arylamine-Hb adducts is a well established biomonitoring method and performed in many laboratories worldwide. 42, 52, 62, 63 In 1961, the toxic mold Aspergillus f lavus containing aflatoxin B 1 (AFB) was discovered to be responsible for the outbreak of deaths of turkeys consuming contaminated meal in Britain. 64, 65 The structure of AFB was elucidated by George Buchi, 66 and its metabolism and DNA-adduct and protein adduct formation were largely carried out at the Massachusetts Institute of Technology in Cambridge (MA, USA) by Gerald Wogan and his colleagues. 64, 67, 68 Biomonitoring of protein-adducts of carcinogens is an alternative and sometimes superior approach to the measurement of DNA adducts for assessing exposure. 52, 57, 69 Thus far, adducts of toxicants formed with Hb have been more widely used in human biomonitoring studies than Alb adducts; 6, 52 however, there are advantages in employing Alb as a target protein for certain classes of toxicants. The hepatocyte is the major site where Alb is synthesized 2 and also a major cell-type where many electrophilic metabolites of toxicants are formed. 70 Consequently, the formation of Alb adducts does not require the reactive electrophiles to be transported across the cell membrane or to reach the blood compartment (where Hb is located). Moreover, some short-lived toxicants may undergo solvolysis before they can react with Hb, which is synthesized in reticulocytes and located in erythrocytes, and thus reducing chances of adduct formation. Indeed, the levels of Alb adducts formed with the liver carcinogen AFB and carcinogenic heterocyclic aromatic amines (HAA) are far greater than the levels of adducts formed with Hb, a fact making Alb adducts superior biomarkers, at least for these carcinogens. 71−73 Many studies have characterized Alb adducts formed in vitro with environmental, dietary, and tobacco genotoxicants, lipid peroxide products, drug medications, and pesticides, among others. 74, 75 However, reports on other Alb adduct studies in humans are relatively few. 6 Protein adducts of toxicants represent a marker of the biologically effective dose. However, regulatory agencies often conduct risk assessment on the toxic effects of chemicals based on toxicity (or carcinogenicity) data from experimental laboratory animal studies and extrapolate the dose at the level of minimal risk to the external dose of the chemicals from the air, water, or food supply, or through dermal adsorption.
76−78
The use of Alb adducts as reliable biomarkers of exposure assessment requires that the adducts are stable and follow the predictable kinetics of removal, and ideally, the half-life of Alb adduct should be the same as unmodified Alb. The use of Alb adducts (or Hb adducts) as biomarkers in cancer risk assessment requires knowledge on the relationship between Alb and DNA adduct formation, which occurs in a distant target organ.
GENERATION OF REACTIVE METABOLITES AND
IDENTIFICATION OF PROTEIN ADDUCTS IN VITRO Hb with a life span of ∼120 days and Alb with a half-life of 19−25 days are the major proteins in blood.
1, 52 Both proteins react with a wide range of genotoxicants, xenobiotics, and endogenous electrophiles, which have been characterized by mass spectrometry. 52, 69, 74, 75 The structures of reactive shortlived intermediates of xenobiotic chemicals have been deduced from the structural characterization of their stable adducts formed with Hb and Alb in vitro. 57, 69, 74, 75, 79 The formation of covalent protein adducts is thought to be driven not only by the abundance, accessibility, and relative reactivities of the different amino acid residues but also by the tertiary structure of the proteins and noncovalent binding of the metabolite with different receptor regions of proteins, in which the initial noncovalent positioning can direct the sites of toxicant adduct formation. 80, 81 Several nucleophilic amino acid residues of Hb (N-terminal Val) or Alb (Cys34, His146, and Tyr411) are particularly reactive toward certain classes of chemicals, and some adducts have served as biomarkers of toxicants in molecular epidemiology studies. 6, 52, 57 As a common first approach, Alb adducts can be characterized ex vivo by reacting plasma or purified Alb with the biologically reactive intermediate, for example, at a ratio of chemical to protein of 1:1, or 10:1 (see Table S1 ). Some chemicals, for examples, isothiocyanates, isocyanates, β-lactam antibiotics, and enals do not require metabolic transformation and directly react to form covalent adducts with Alb, whereas many drugs or procarcinogens require metabolism to form reactive electrophiles, which bind to Alb. Microsomes fortified with NADH produce a variety of reactive intermediates by cytochrome P450s such as short-lived alkylating agents, aldehydes, epoxides, quinones, arylhydroxlamines, arylnitroso compounds, and thiophene S-oxides, among others, which can be trapped by Alb. 23, 32, 33, 82 Microsomal mediated UDP-glucuronosyltransferases catalyze the bioactivation of NSAIDS by the formation of acyl glucuronide (Gluc) drug conjugates, which react with Lys residues of Alb.
83−85 A number of reactive intermediates also can be prepared chemically. 86, 87 Commercial albumin preparations often contain very high levels of mixed disulfides at Cys34, and adduct formation can be underestimated at this site unless Alb is pretreated with β-mercaptoethanol, 88 which selectively reduces Cys34 mixed disulfides without disruption of the internal Alb Cys disulfide bonds. 21, 88 The reactivity of commercial Alb with some electrophiles may differ from that of Alb in plasma because the fatty acids and/or other endogenous ligands removed during the processing of commercial Alb can alter the conformation of the protein and affect drug interactions and reactivities. 16−18 The reaction of Alb with a high molar excess of toxicants can lead to the formation of adducts which do not normally occur at the lower concentrations of the chemicals present in vivo. Therefore, once the major sites of Alb adduction are elucidated in vitro, kinetic experiments should be performed with limiting amounts of toxicant to identify the most reactive amino acid residues; these are the sites which may be expected to form adducts in vivo. 89−91 The exact position of the adduct formation with Alb has not been elucidated in all biomonitoring studies. For example, the molecular epidemiology studies in populations exposed to AFB were successful without knowing the specific binding site(s) of AFB with Lys residues of Alb. The elucidation of the binding sites of xenobiotics to proteins is useful for the elucidation of the potential immunogenic properties of the adduct 92 or to develop strategies to measure multiple adducts after isolating a peptide of Alb with a nucleophilic hot-spot such as Cys34. 6, 93, 94 4. ALBUMIN PURIFICATION AND HYDROLYSIS CONDITIONS FOR ADDUCT STUDIES The isolation of Alb is based on its solubility, it is negatively charged at pH > 5, its affinity for binding hydrophobic substances, and its unusual stability has been reviewed. 95 Alb is isolated from plasma using fractional protein precipitation with ethanol or ammonium sulfate. The solubility of Alb, like that of most proteins, is minimal at its isoelectric point near pH 5. The solubility increases many fold just one pH unit away from its isoelectric point. The Cohn Method 6 is the major procedure for the commercial fractionation of plasma proteins using ethanol and pH adjustments. The term Fraction V for nearly pure (>96%) Alb is used since Alb precipitates in the fifth step of the procedure. 4.1. Fractional Precipitation and Affinity Blue Purification Methods. The principal methods used for the purification of Alb in biomonitoring studies are summarized in the following paragraph. Bechtold performed a multistep precipitation method with increasing amounts of ethanol to isolate Alb from plasma. 97 The Alb isolated was >95% pure, as measured by sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE). Other methods used an increasing amount of ammonium sulfate instead of ethanol as the precipitating agent. Rappaport et al. 98 added a saturated solution
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Perspective of ammonium sulfate to the plasma until the final concentration of ammonium sulfate at 2.5 M (63% of saturation). The immunoglobulins, which formed a white precipitate, were removed by centrifugation, and the Alb was isolated from small molecular weight proteins by size exclusion chromatography with Sephadex G-25. The recovery of Alb was estimated to be 70%, and the purity of the Alb was estimated to be 92% pure by SDS−PAGE. In later studies by Rappaport and co-workers, 99, 100 Alb was obtained from plasma by adding a solution of saturated ammonium sulfate dropwise until a final concentration of 50% was achieved. This mixture was then centrifuged to remove the immunoglobulins. The supernatant was dialyzed (12 000−14 000 molecular weight cut off (MWC) membranes), against deionized water and then lyophilized to a constant weight. Another ammonium sulfate precipitation scheme was used by Wild et al., 101 where saturated ammonium sulfate (0.75 mL) was slowly added to plasma or serum (0.5 mL) on ice. The precipitated immunoglobulins were removed by centrifugation. The supernatant was removed to a clean tube and acetic acid added to adjust to pH 5, and the precipitated Alb was collected by centrifugation. A yield of approximately 10 mg (ca. 50%) of Alb was routinely obtained with a purity >95% as judged by SDS−PAGE. Recently, a rapid method was developed to obtain about 0.1 mg of Alb with a 72−75% purity. 94 Plasma (5 μL) was added to 60 μL of 50% methanol and incubated at room temperature for 15 min with constant agitation. The samples were centrifuged to remove precipitates and immediately diluted with four volumes of digestion buffer, and digested with trypsin. 94 Affinity chromatography with Cibacron blue F3G A, a sulfonated polyaromatic dye, which selectively binds human Alb over other serum proteins, has been used to isolate Alb from plasma. 102−104 Plasma samples are diluted with low salt buffer and applied to the affinity dye bound to various supports obtained from commercial vendors. The salt concentration is increased to disrupt the binding and elute the Alb fraction. Sometimes, intermediate salt concentrations have been used to increase the purity of Alb. 102, 105 In some instances, the fraction containing Alb is dialyzed against water in dialysis tubing (MWC 12−14 kDa) or further purified by ultracentrifugal filtration to remove low molecular weight proteins (10 or 30 kDa MWC). 99, 106 Young et al. 107 compared different methods to purify Alb: precipitation with ethanol according to the procedure of Bechtold 97 or by different commercially available albumin purification kits. The authors achieved the highest purity (88%) with Hi-Trap Blue columns (Cibacron Blue is the affinity dye). 107 In other studies using affinity chromatography based on the dye Cibacron blue, higher purities were achieved when the samples were dialyzed with membranes of 12−30 kDa MWC. 99, 106 Therefore, smaller proteins, which decrease the purity of Alb (see SDS−PAGE 107 ), were eliminated. Careful application of these affinity blue columns generally yields Alb with a purity >95%. 20 A 1 mL HiTrap blue column can retain more than 20 mg of Alb. 107 The methods used to elute proteins from the HiTrap blue columns may not be quantitative. 108 Therefore, with multiple use, the affinity dye may gradually lose its capacity to retain Alb, resulting in lower recoveries of Alb. In summary, the highest throughput to purify Alb is achieved by the fractional precipitation methods using ammonium sulfate without final precipitation of Alb; 98, 99, 109 however, the highest levels of purity are achieved with Cibacron blue dye in conjunction with a low MWC filter.
4.2. Enzymatic Digestion of Albumin. 4.2.1. Pronase. Prior to the advent of electrospray ionization mass spectrometry (ESI-MS) and its coupling to HPLC, 110, 111 many Alb adducts were assayed after acid or base hydrolysis or by proteolysis with pronase, and the adducted amino acids or the carcinogen hydrolysis products were detected by GC-MS, HPLC with UV, fluorescence, or radioactive detection (Figure 3) . 20,71,88,109,112−114 LC-MS methods 69, 115 have supplanted many of these earlier analytical methods. Pronase (synonym: actinase E and pronase E), a mixture of a broad spectrum of proteases from Streptomyces griseus, has often been used to digest Alb. Mono-, di-, tri-, or tetra-peptides containing adducts were recovered, depending upon the structure of the adduct and conditions of digestion. 20,88,116−118 Different pronase preparations are commercially available.
Delatour et al. 119 compared different approaches to digest bovine Alb using 6 M HCl at 110°C, pronase digest for 24 or 48 h (Alb/pronase = 30:1), or a cocktail of enzymes (pepsin, pronase, aminopeptidase, and prolidase). The HCl-based hydrolysis yielded a digestion efficiency of 95%, while only 25 and 75% efficiencies were achieved with pronase and the cocktail of enzymes, respectively, when the digestion efficiency was measured by amino acid analysis. These data on pronase digestion are not comparable to many other studies, which used much larger amounts of Pronase in relation to Alb. Sabbioni et al. 120 performed experiments with different ratios of Alb/pronase 10:1, 3:1, and 1:1 at pH 7.4. The highest recovery of the main adduct of AFB with Alb was obtained after the enzymatic hydrolysis using an Alb/pronase ratio of 3:1. For the analysis of isocyanate adducts formed with Alb, enzymatic hydrolyses were performed at pH 8.9 or at pH 7.4 with a Alb/pronase ratio of 3:1. The recovery of adducts obtained at pH 8.9 were about 2-fold higher than that at pH 7.4. 121 Young et al. 107 tested if the method of Alb purification had an influence on the amount of adducts per mg of Alb determined by LC-MS/MS. Plasma was incubated with sulfur mustard. Alb was isolated using the different methods described in Young et al. 107 Large differences were observed in the levels of the sulfur mustard adduct formed with Cys34 of 2, 17 For digestion with trypsin or other serine proteases, Alb is commonly denatured by heat treatment at 50−60°C, and internal disulfide bonds are reduced with dithiothreitol or tris(2-carboxyethyl)phosphine in the presence of denaturants, followed by alkylation of the newly formed sulfhydryl groups with iodoacetamide, to expose as many sites as possible prior to proteolytic digestion. 122, 123 The proteolytic digestion of Alb produces polypeptides of various lengths according to the specificity of the enzymes employed. Missed cleavages of peptides can occur during the digestion due to the solvent buffer conditions, nonspecific chemical or enzymatic cleavage of proteins, post-translational modifications of proteins, or by the introduction of bulky toxicants, which can affect the efficiency of enzyme digestion. 122, 123 These conditions of protein denaturation also may destroy thermal labile adducts. Depending upon the location of the adduct and its linkage within Alb, the denaturation of Alb may not be required for quantitative recovery of the adduct by proteolysis. For example, the sulfonamide adduct formed by reaction of Cys34 of Alb with the N-oxidized metabolite of 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), a carcinogen formed in cooked meat, 124 was quantitatively recovered from Alb by digestion with a mixture of trypsin and chymotrypsin without prior reduction of the disulfide bonds. 125 Very recently, the digestion of Alb with trypsin using pressure cycling was shown to efficiently recover the T3 peptide A 21 LVLIAFAQYLLVLIA-FAQYLQQCPFEDHVK 40 without prior denaturation and reduction of internal disulfide bonds. 4.2.3. Trypsin and Other Proteases. The proteolysis of proteins, including Alb adducts in MS-based proteomics, is most commonly done with trypsin as an alternative to digestion with protease mixtures. The selective digestion of Alb with single proteases can permit the identification of the specific sites of toxicant adduction by performing collision induced dissociation (CID) of the peptides to form the b-ion, y-ion, and a-ion series. 126, 127 The identification of common sites or "hotspots" (see Supporting Information, Table S1 ) of adduct formation can be used to establish a database of nucleophilic sites of Alb for specific classes of toxicants and serve as a basis to develop strategies for adductomics. Trypsin is a serine protease and cleaves peptides on the C-terminal side of Lys and Arg residues except for when a proline residue is on the carboxyl side of the cleavage site in which case the cleavage will not occur. Trypsin digestion yields an optimal average peptide length of ∼14 amino acids, with a well-defined positive charge at the N-terminus, and the peptides often exist as doubly [M+2H] 2+ or triply charged species [M+3H] 3+ which favors the formation of y-ions by ESI/MS. 128, 129 Other serine proteases including Lys-C, which retains activity in strong denaturants, (cleaves Lys following Pro to decrease missed cleavages); chymotrypsin (cleaves C-terminal of Phe, Tyr, Leu, Trp, and Met); Glu-C (cleaves C-terminal of Glu and Asp); and pepsin, an aspartate protease (cleaves C-terminal of Tyr, Phe, and Trp) have also been employed. The selection of proteases depends upon the site of toxicant adduction, the specificity of the protease, and the conditions including the buffers and denaturation reagents required for digestion. 129 Different proteases yield different peptide sequences, some of which may prove to be more sensitive toward ESI than tryptic peptides. 130 The responses of signals of peptides under ESI can vary by up to 50-fold. 125, 131, 132 In some instances, a combination of trypsin plus chymotrypsin may be used for proteolysis since some modified Lys residues are not recognized by trypsin, resulting in a missed-cleavage and an increase in the molecular weight and the length of the adducted peptides so that the peptides are not suitable for LC−MS analysis. 81 133−136 and only briefly highlighted here. Fourier transform ion cyclotron instruments, which can reach resolution in excess of 10 6 , is commonly used in top-down proteomics of high molecular weight proteins, but reports of its use in protein adduct studies are limited because of the great expense of the instruments and is not discussed here.

ANALYTICAL MS-BASED INSTRUMENTS
5.1. Triple Quadrupole Mass Spectrometry (TQ MS). The titled instruments are commonly used for targeted tandem mass spectrometry (MS/MS) both for small molecules and proteomics. 137, 138 Triple quadrupole mass spectrometers (TQ MS) contain two mass filtering quadrupoles (Q 1 and Q 3 ) and a third quadrupole (q 2 ), which serves as a collision cell or ion guide (q 2 ) and is positioned between the two mass filters. The collision cell is filled with an inert gas (typically, nitrogen or argon). The ions in Q1 are accelerated into the collision cell where they collide with the neutral gas molecules to produce the fragment ions, or in the case of peptides, the b-ion, y-ion, and a-ion type fragment ion series using nomenclature described by Roepstorff and Fohlman. 126, 127 This technique is termed CID and is the most commonly used mechanism to fragment peptides or proteins in the gas phase. In targeted MS/ MS experiments, termed selected reaction monitoring (SRM) mode, Q 1 and Q 3 are set at fixed specific masses, allowing only a specific a fragment ion from a precursor ion in Q 1 to be detected in Q 3 . This method is extremely sensitive with a short duty cycle, permitting the simultaneous quantitative measurements of numerous analytes or peptides. However, complex protein digest mixtures can contain many peptides with the same or similar precursor mass-to-charge ratio (i.e., ± 1.5 m/z) and result in false positives. Criteria on data reliability and validation of the analytical measurements of peptides by TQ MS have been recommended. 139 
Quadrupole Ion Trap (IT) Mass Spectrometry.
The titled instruments use a quadrupole electric field to capture charged ions within a large m/z range (e.g., 100−4000). Ion motions are subjected to the quadrupolar field. The IT applies additional electric potential along the axial axis to stop ions exiting the device, achieving a "trapping" effect. Following the trapping period, the accumulated ions can be selectively ejected
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Perspective out of the trap and detected based on their m/z value, allowing for mass analysis. In tandem MS, IT permits ion storage, isolation, fragmentation, and sequential ejection to occur in a time-dependent approach ("tandem in-time"), in contrast to the TQ MS described above where three quadrupoles are connected sequentially to perform a single MS 2 scan in a "tandem-in-space" manner. Since the fragmentation in the IT is performed in a time-dependent manner, the process of isolation and excitation can be repeated continuously, resulting in multistage MS n scanning, which provide extensive mass spectral characterization and sequencing of peptides. 140, 141 The QTRAP platform from Sciex, is an hybrid tandem MS instrument which can function as either a dedicated triple quadrupole MS quantitative measurement or as a highly sensitive linear ion trap mass spectrometer. This MS instrument has been used extensively in small molecule and macromolecule applications, 137, 142 and has been used to identify a number of Alb adducts formed with drugs. 143, 144 5.3. Time of Flight Mass Spectrometry. (TOF MS) is a method by which the mass-to-charge (m/z) of a molecule is determined through a time measurement. Ions are accelerated by an electric field of known strength, resulting in ions of the same charge state having the same kinetic energy. The ions enter a 1−2 m long drift tube and travel toward the ion detector. The velocity of the ion and time-of-flight required to reach the detector depends on the m/z and velocity is inversely proportional to the m/z. Thus, ions of higher m/z travel more slowly than the ions of lower mass, and ions are separated in space as a function of their velocities. TOF MS provide full spectra and accurate masses with resolution of greater than 10,000 (resolving power R = mass of the second peak/delta mass of the peaks necessary for separation at mass M). TOF MS are often coupled Matrix-assisted laser desorption/ionization-(MALDI) or electrospray ion sources and used for characterization of intact or chemically modified peptides. 133 A hybrid instrument consisting of a quadrupole mass filter, a collision cell, and a TOF mass analyzer (QTOF) is commonly used in proteomics, where the precursor ions are selected in the quadrupole and sent to the collision cell for fragmentation. The product ions generated are detected by the TOF MS. Because of their high resolution accurate mass measurements combined with tandem MS capabilities for peptide sequencing, QTOF MS instruments are often used in proteomics. 145 5.4. Orbitrap Instruments. This HRAMS from Thermo Scientific has been on the market for over a decade. 146 The newer instruments have mass resolution exceeding 100,000 and mass accuracies within 1 ppm. The Orbitrap is widely used in the field of proteomics for both bottom-up and top-down proteomic applications. In its current configuration, packets of ions are injected into the Orbitrap via the quadrupole of the C-trap. In the Orbitrap, ions oscillate around a central spindlelike electrode in the axial dimension. The ion oscillations are detected using image current and are transformed into mass spectra by Fourier transformation. 146, 147 5.5. Top-down and Bottom-up MS. Both MS approaches have been used to characterize post-translationally or chemically modified proteins (Figure 4) . 148, 149 In top-down proteomics, the intact protein and its covalent modifications are analyzed by high mass accuracy, mass resolving power instruments, such as by Fourier transform ion cyclotron instruments or Orbitrap instruments. 150 Top-down proteomics has been commonly used for the study of protein isoforms and their post-translational modifications. 150−152 However, the screening of Alb toxicant adducts, by top-down tandem MS approaches, has not been largely used, in part because of the large size of Alb (66.5kDa), which makes MS/MS analyses and full sequence coverage of the adducted peptides challenging. Moreover, the level of modification of Alb by most toxicants is generally low and occurs at 0.1% or less in vivo (mol of toxicant per mol of Alb) and severely restricts the usefulness of top-down proteomics. However, top-down proteomic approaches have been commonly used to determine the reactivity of Alb with certain drugs and toxicants in vitro. The Alb toxicant adduct mixture is directly infused into the MS, and the spectrum of the multiply mass to charge envelope of Alb is deconvoluted to obtain the molecular mass of the modified protein. 153 In humans, topdown approaches have been used to characterize Alb adduction products to several endogenous biochemicals, including mixed disulfide adducts formed at the Cys34 residue with cysteine, homocysteine, and glutathione. 7−11 The Cys34 is also a major target of Alb for adduction with nitric oxide, 9, 11 and Cys34 oxidation to form the sulfenic, sulfinic, and sulfonic acids haa been characterized. 12, 154 In addition, glycated species 8 or truncated Alb products have been identified, where the first two amino acids (Asp-Ala) are lost from the N-terminus, and leucine is lost from the C-terminus of Alb. 10, 11 These chemical modifications of Alb have been detected by direct infusion of the purified Alb solution employing ESI with TQ MS or QTOF MS instruments.
7−11 However, proteolytic digestion of the Alb followed by bottom-up proteomics was required to locate the specific sites of adduction. Bottom-up proteomics is by far the most commonly used method to identify and elucidate the sites of covalent modification of the majority of Alb toxicant adducts.
5.6. LC-MS Scanning Methods. Targeted and Untargeted Scanning Methods. Targeted SRM, data-dependent acquisition (DDA), or information-dependent acquisition (IDA), and data-independent (DIA) acquisition methods are the principal MS scanning methods used to detect peptides and offer complementary capabilities for adduct analyses. 155 SRM methods are routinely conducted with TQ MS instruments. However, because of the complexity of protein digests, even a digest of a single protein such as Alb can contain many isobaric interferences and restrict the usage of the TQ MS for the characterization of peptide-toxicant adducts. 132, 137, 138, 156 Specific guidelines have been proposed for the validation of peptide measurements by TQ MS. 
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With recent QTOF MS instruments, up to 25 MS/MS spectra can be obtained per duty cycle, and chemically modified peptides can be searched by combination of precursor ions and their characteristic b-and y-product ions. However, for slower scanning ion trap based instruments, DDA or IDA is often used for screening. Generally, the top 5 or 10 ions in abundance eluting from the column into the MS undergo CID and are used to characterize the peptides. These ions can be placed on an exclusion list for a finite period of time, and then the ensuing top 5 or 10 ions are scanned. DDA is biased toward abundant peptides; peptides of low abundance, such as those adducted with toxicants, can be missed in complex biological samples.
In contrast to DDA or IDA scanning methods, DIA is performed by scanning all ions over a selected m/z range, generally a consecutive series of windows of m/z of 5 or 10, which enhances sensitivity and minimizes the space-charging effects that can occur in the ion trap. 140, 141 The product ion spectra are then acquired on the consecutive series of m/z windows. This generates full product ion spectra of all precursor peptide ions. DIA may be optimally suited for scanning multiple peptide adducts for which there are common peptide sequences and sites of adduct modification, and the peptide adducts that have the same charge state as the unmodified peptides. 157 Ideally, the adducts are stable upon CID, and the peptide adducts and unmodified peptides undergo CID to generate, common b-ion and y-ion series from the N-and C-terminus, respectively, up to the site of modification. The full scan precursor ions are then matched to the fragment ions to calculate the mass of the modification, and the modified fragment ions are overlaid with the unmodified fragment ions to verify the mass of the precursor ion calculated. Porter and Bereman 157 developed this DIA approach with a high mass-measurement accuracy Orbitrap (<5 ppm) to screen for adducts formed in vitro with Alb at the Cys34. Thirty-six features were observed, which represented oxidation products and mixed disulfide adducts of Cys34. Putative Hb adducts formed at the Cys93 beta chain were also characterized by DIA scanning.
Characterization of Peptide Adduct Sequences.
The toxicant modified peptides can be screened by predicting the adducts formed from in silico proteolytic digests of Alb and by setting chemical modifications of toxicants as variable modifications on Lys, His, Cys, or other nucleophilic amino acids. Online software such as ProteinProspector (http:// prospector.ucsf.edu/prospector/mshome.htm) can facilitate these data mining processes by calculating for the b-ion, y-ion, and a-ion series.
MALDI MS is used to identify differences between untreated and toxicant-treated Alb samples, following proteolysis to rapidly identify chemically modified peptides. However, MALDI MS does not identify the specific site of modification of the peptide, and tandem MS methods are required to fragment peptides, followed by sequencing of the b-ion and y-ion series to locate the precise site of modification. 158 The adducted peptides can be mined by manual de novo sequencing or employing search algorithms such as Sequest, 159 Mascot 160, 161 TagRecon, or Myrimatch. 162, 163 However, some peptides modified with toxicants may not undergo CID in a manner similar to that of the nonadducted peptide, and the fragmentation pattern may not lead to predictable b-ion and y-ion series but produce a prominent cleavage at the linkage of the toxicant moiety. Moreover, some prominent peptide adducts, such as those occurring at Y* 411 TK, 91, 130, 164 possess too few unmodified b-ions and y-ions and can be missed by search algorithms. 91 Therefore, careful manual inspection of the product ion spectra and the search for unique fragment ions attributed to the toxicant can help to identify adducted peptide precursor ions. 81, 91, 165 6. ALBUMIN ADDUCTS FORMED WITH TOXICANTS AND CARCINOGENS Over the past decade, a considerable amount of work has been published on Alb adducts formed with toxicants and characterized from in vitro reactions. 6, 69, 74, 75, 134, 166 The chemicals and sites of adduction to Alb modified in vitro are reported in the text and in Table S1 (Supporting Information). The Alb adducts found in vivo are presented in Tables 1 and 2 and in the text. Some of the prevalent exposures to common toxicants and approaches to measure these Alb adducts and their occurrence in humans are described in the following paragraphs.
6.1. Benzene. Benzene is an important industrial and environmental chemical that causes leukemia in humans and various cancers in experimental laboratory animals. 167, 168 The mechanism of its carcinogenicity is thought to involve the DNA damage induced by one or more metabolites, including benzene oxide (BO), 1,2-benzoquinone (1,2-BQ), and 1,4-benzoquinone (1,4-BQ), which are produced by P450 2E1. 169, 170 These metabolites can react with blood proteins to form adducts ( Figure 5 , Table 1) . 171, 172 In the following, the studies of Albadducts found in vivo are summarized. Bechtold et al. 97 found Alb-adducts of benzene formed with Cys34 in rats and humans. The adduct, S-phenylcysteine (SPC), was determined by isotope dilution GC-MS. Alb adducts were found in F344/N rats exposed by gavage to 0−10,000 μmol/kg benzene. The adduct levels increased with the dose. At a dose of 1000 μmol/kg, the adduct levels increased sublinearly. SPC was found also in humans occupationally exposed to 0−23 ppm benzene.
Waidyanatha et al. 109 developed a method to detect mono-Ssubstituted cysteinyl adducts of 1,2-and 1,4-BQ in Alb. Alb was treated with trifluoroacetic anhydride and methanesulfonic acid. The resulting isomers of O,O′,S-tris-trifluoroacetyl-hydroquinone and -catechol were determined by GC-MS. F344 rats received a single oral dose of 50−400 mg [ C 6 ] adducts of 1,2-and 1,4-BQ in F344 rats were 2.7 and 11.4 nmol/g. In comparison, the background levels of 1,2-and 1,4-BQ adducts in commercial human Alb (n = 10) were 1.6 and 8.9 nmol/g Alb.
The stability of BO-Alb and 1,4-BQ-Alb was investigated in rats given a single oral dose of isotope labeled benzene. 173 BO and 1,4-BQ adducts with Alb both decayed with rates consistent with those of Alb turnover in the rat. The half-life for 1,4-BQ-Alb (2.5 days) was shorter than that for BO-Alb (3.1 days), suggesting some instability of 1,4-BQ-Alb. Results of a limited time course study of 11 human subjects 174 indicated moderate chemical instability of 1,4-BQ-Alb (half-life = 13.5 days compared with 19−25 days for normal Alb turnover), whereas no evidence of instability of BO-Alb was observed.
Alb adducts BO-Alb and 1,4-BQ-Alb were investigated among 134 workers exposed to benzene and 51 unexposed controls in Tianjin, China. 174 Concentrations of both adducts increased with benzene exposure. Adduct levels were less than proportional to benzene exposure, suggesting saturable P450 2E1 The major adduct = AFB-Lys in rats and human ( Figure 8 ). 71, 101, 115, 120, 203, 205, 207 Trypsin digest of in vitro modified bovine Alb yielded adducts with Lys455 and Lys548. 
315
The tryptic fragment ALVLIAFAQYLQQCPFEDHVK of in vitro modified Alb contains the cysteine adduct. 327, 328 Detection of this adduct did not succeed in human samples. 258 Chlorpyrifos and/or diazinon 329 
LC-MS/MS
Pronase Tyrosine diethylphosphothioate and tyrosine diethylphosphoro-adduct in a patient that had ingested chlorpyrifos. 
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Perspective metabolism of benzene. This was confirmed in follow-up studies involving exposed workers. 172, 175 The transition from linear to saturable metabolism began at approximately 1 ppm. Adduct levels were generally lower in older workers. The ratio of 1,4-BQ-Alb:BO-Alb decreased with age and increased with alcohol consumption. This indicates that factors affecting P450 2E1 metabolism exerted a greater role on the production of 1,4-BQ than BO. The nonlinearity of the benzene adduct formation was confirmed in later studies. 176 In summary, the benzene adducts with Alb have been found in exposed workers and in controls. Therefore, benzene exposure is ubiquitous. 177 6.2. Naphthalene. Naphthalene is an important industrial chemical, which has recently been shown to cause tumors of the respiratory tract in rodents. 178 The reactive metabolites of naphthalene are similar to the metabolites of benzene. Naphthalene-1,2-oxide (NPO), 1,2-naphthoquinone (1,2-NPQ), and 1,4-naphthoquinone (1,4-NPQ) are the major reactive metabolites of naphthalene (Supporting Information, Figure S1 and Table 1 ). These metabolites were reported to form cysteinyl adducts with Alb of F344 rats. 179 1-Sulfanyl-dihydronaphthalene-2-ol (NPOS1) and 2-sulfanyl-1,2-dihydronaphthalene-1-ol (NPOS2) are the Alb adducts formed with NPO. Sulfanyl-1,2-naphthalene-1,2-diol (1,2-NPQ-4S) and 2-sulfanyl-1,4-naphthalene-1,4-diol (1,4-NPQ-2S) are the Cys adducts resulting from the reaction of 1,2-NPQ and 1,4-NPQ with Alb, respectively ( Figure S1 , Supporting Information). Alb is hydrolyzed and derivatized with trifluoroacetic anhydride and methanesulfonic acid to obtain S-naphthalen-1-yl trifluoroethanethioate (NPO1-S-TFA), and S-naphthalen-2-yl trifluoroethanethioate (NPO2-S-TFA), 2-[(trifluoroacetyl)sulfanyl]naphthalene-1,4-diyl bis(trifluoroacetate) (1,4-NPQ-S-TFA), and 4-[(trifluoroacetyl)-sulfanyl]naphthalene-1,2-diyl bis(trifluoroacetate) (1,2-NPQ-S-TFA) from NPOS1, NPOS2, 1,4-NPQ-2S, and 1,2-NPQ-2S, respectively. Cysteinyl adducts of Alb with NPO and 1,2-and 1,4-NPQ were produced in a dose-dependent manner. Of the two structural isomers resulting from NPO, levels of NPO1 adducts were greater than those of NPO2 adducts in Alb. 1,2-NPQ-Alb was present in larger amounts than 1,4-NPQ-Alb. The shape of the dose−response curves was sublinear at doses above 200 mg of naphthalene per kg body weight. Low background levels of 1,2-NPQ-Alb and 1,4-NPQ-Alb were found in control animals. However, NPO-Alb adducts were not detected in control animals.
The stability of cysteinyl adducts of NPO, 1,2-NPQ, and 1,4-NPQ were investigated in Alb of male F344 rats following a single administration of two different doses (400 or 800 mg naphthalene per kg body weight). 180 The half-lives of NPOAlb and 1,2-NPQ-Alb were approximately 2 days and 1 day, respectively. The normal half-life of Alb in the rat is 2.5−3 days. Therefore, especially the 1,2-NPQ-Alb adduct is unstable.
1,2-NPQ-and 1,4-NPQ-Alb were detected in human subjects (n = 22). 181 The median levels of 1,2-NPQ-Alb were 268 and 203 (pmol/g) in male (n = 11) and female (n = 11) subjects, respectively. The median levels of 1,4-NPQ-Alb were 45.0 and 38.9 pmol/g in male and female subjects, respectively.
6.3. Styrene. Styrene is used in the production of resins and plastics. 182 Styrene-7,8-oxide (SO) is the primary metabolite of styrene that forms adducts with DNA and proteins. 183 SO is both mutagenic and carcinogenic in animals. 182 Alb adducts of SO were measured in 48 workers exposed to both styrene and SO in a boat manufacturing plant. 184 Personal exposures to both substances were measured repeatedly over the course of 1 year. Cysteine containing adducts and carboxylic acid adducts of SO with Alb were determined. Alb proteins were subjected to base hydrolysis to release styrene glycol (SG), representing carboxylic acid-bound SO. Alb was treated with Raney-nickel to release 1-phenylethanol (1-PE) and 2-phenylethanol (2-PE), representing cysteine-bound SO. The mean levels of 1-PE-Alb, 2-PE-Alb, and SG-Alb were 0.29, 1.68, and 1.8 (nmol/g Alb), respectively. Similar levels of 1-PE-Alb (0.6 nmol/g Alb) and 2-PE-Alb (2.84 nmol/g Alb) were found in workers exposed to styrene in the reinforced-plastics industry and in unexposed subjects. 185 6.4. Aromatic Amines. Alb adducts of aromatic amines have been determined only in a few studies. In general, only Hb-adducts were determined in human biomonitoring studies because many aromatic amines bind to Hb at higher levels than to PP 186 ( Table 2 ). An exception to this rule appears, for example, with the HAA PhIP, which preferentially binds to Alb in humans. 73 The oxidation of the exocyclic amine groups of arylamines and heterocyclic arylamines is primarily catalyzed by P450s, to form the N-hydroxylated metabolites, which are reactive intermediates that bind to DNA and proteins. 63 Alb adduct formation of primary arylamines was investigated in rodents ( Figure 6 and Table 2 ). However, direct comparison of arylamine adduct formation with Hb and PP has been determined only in a few studies. Neumann's group 186 investigated the formation Hb and PP adducts after giving female Wistar rats several radiolabeled arylamines (Table 2) . In general, Hb-binding is higher; however, for the bicyclic arylamines 3,3′-dichlorobenzidine and benzidine, the binding was higher with PP than with Hb. In the case of 4CA, binding to Hb was over 30-fold larger than that to PPs. In all other cases, the differences of adduct formation were below a factor of 3-fold.
Most of the arylamine Hb adducts are labile and undergo hydrolysis in vitro, by mild acid or base, to form the arylamines. The amount of amines recovered by this hydrolysis treatment ranged between 32 to 93% of the bound Hb-adduct. 186 For arylamine adducts with PP, the amounts hydrolyzed varied from 0 to 58% of the bound adduct. 186 According to our current knowledge of arylamine adduct formation, the hydrolyzable fraction is derived from the reaction products of the arylnitrosoderivatives yielding aryl sulfinamide adducts with cysteine. 53, 187 The nonhydrolyzable fraction probably results from the reaction products of activated N-hydroxyarylamines or their nitrenium/ carbenium ion species with other amino acids. Protein adducts formed with nitrosoarenes are generally higher with Hb than with PP. However, the absolute values for nonhydrolyzable adducts are higher with PP than with Hb. Therefore, it appears that nitroso-derivatives are a minor component in the plasma and are likely generated from the arylhydroxlamines within the erythrocytes. 54, 188 This can be explained by the fact that N-hydroxyarylamines can be readily transformed to nitrosoarenes by a co-oxidation reaction with oxyHb in the erythrocytes. 54, 188 In the experiments with radiolabeled 2-amino-3-methylimdazo-[4,5-f ]quinoline (IQ), 4,4′-methylenebis(2-chloroaniline) (MOCA) and 4ABP, Alb was isolated (Table 2 ). In the case of 4ABP, the binding to Hb was 25-fold higher than that to Alb. 56, 189 Therefore, human biomonitoring studies were performed using Hb-adducts. 56, 189, 190 IQ binding was higher to Alb than to Hb. 88, 191 For MOCA (dose = 1 mg/kg), the total (nonhydrolyzable and hydrolyzable adduct) binding ratio between MOCA-Hb and MOCA-Alb was 1 (Table 2 ). For 2MA (dose = 50 mg/kg), the total (nonhydrolyzable and hydrolyzable adduct)
Perspective binding ratio between 2MA-Hb and 2MA-Alb was 0.94 (Table 2) . 193 The percentage of adduct hydrolyzable with base was 54%, 0%, 63%, and 0% for MOCA-Hb, MOCA-Alb, 2MA-Hb, and 2MA-Alb, respectively. 56, 189, 190, 192 In the experiments with 2MA, Alb was isolated by fractional acid precipitation; under such conditions, sulfinamide adducts are partially cleaved. 56 In the same study, animals were treated with different amounts of 2MA. 2MA-Alb binding was not linear; but 2MA-Hb binding increased in a linear dose-dependent manner. The biological halflives of 2MA bound to Alb or Hb were observed to be 2.6 and 12.3 days, respectively, after rats were given a single dose of [ 14 C]2MA. 194 The structure of the major nonhydrolyzable Alb adduct formed in rats exposed to 4ABP was elucidated by 1 H NMR and MS. 20 Serum Alb was isolated from male Sprague−Dawley rats dosed by gavage at 27 h after administration of [ 3 H]4ABP. Pronase digestion of the purified Alb yielded a mixture of radiolabeled materials, which were resolved into five major components by reverse phase liquid chromatography. From detailed UV, 1 H NMR, and mass spectral analyses, four of these components were determined to be 4ABP, 4-N-hydroxy-4-acetyl-ABP, and two other metabolites, all of which are presumed to be noncovalently associated with Alb. The fifth component, however, resulted from covalent bond formation and was identified as a tetrapeptide containing 3-tryptophanyl-4-acetyl-ABP, the amino acid sequence of which was H 2 N-AlaTrp-Ala-Val ( Figure 6 ). 20 Subsequently, the sulfate esters of several carcinogenic arylhydroxamic acids, including N-sulfonyloxy-Nacetyl-4-aminobiphenyl, N-hydroxy-N-acetyl-2-aminofluorene, and N-hydroxy-N,N′-diacetylbenzidine were reported to bind to the sole Trp214 residue of human Alb in vitro. 79 The cooked meat carcinogen PhIP and the non-nucleoside reverse transcriptase inhibitor Nevaripine also form adducts at the Trp214 of human Alb in vitro. 195−197 Since rat and human Alb contain only a single tryptophan residue at Trp214 situated in a hydrophobic drug-binding site, its high selectivity for carcinogen binding suggests a unique role for Alb in the detoxification and/ or transport of ultimate carcinogenic/toxic metabolites. 80 The structure of the acid-labile sulfinamide Alb adduct of IQ, a carcinogenic HAA, 124 formed in rat was characterized by 1 H NMR and MS. 88 Alb of [ 3 H]-IQ male-treated Sprague−Dawley rats was isolated and digested with pronase. Multiple adducts were detected by HPLC with liquid scintillation counting. About 10% of the adducted material was characterized as the tripeptide C*PY containing N 2 -cysteinylsulfinyl-IQ adduct ( Figure 7 ). More recently, PhIP and 2-amino-9H-pyrido[2,3-b]indole (AαC), another HAA carcinogen present in tobacco smoke and well-done cooked meats, 124 were shown to react with the Cys34 of human Alb to form sulfinamide and sulfonamide adducts in vitro ( Figure 6) . 91, 165, 195 These adducts Figure 6 . Formation of acid labile Alb adducts of aromatic amines and HAA, 88, 91, 165, 186, 192, 195 and the nonhydrolyzable adduct of 4ABP. 20 
Perspective were sufficiently stable to characterize the following trypsin/ chymotrypsin digestion as LQQC*PF or the missed-cleavage peptide LQQC*PFEDHVK by LC-MS/MS ( Figure 7 ). An acidlabile Alb adduct of PhIP was reported in a cohort in Italy. 198 This adduct may be the sulfinamide linked adduct of PhIP characterized in vitro. 91, 195 6.5. Aflatoxin B1 (AFB). AFB is a fungal toxicant and a potent animal carcinogen found as a contaminant in various staple food crops in many underdeveloped countries. 199 Positive associations have been reported between dietary AFB exposure and the incidence of hepatocellular carcinoma in Asia and Africa and were greatly strengthened by the application of validated biomarkers, which included DNA and Alb adducts, and a characteristic mutation spectrum in the p53 tumor suppressor gene that is linked to a DNA adduct of AFB. 24, 64, 72, 114 AFB undergoes metabolism by P450 enzymes to the 8,9-epoxide, which has a central role in DNA and protein adduct formation. The AFB exo-8,9-epoxide hydrolyzes rapidly to the dihydrodiol (t 1/2 1 s at 23°C). 200 The AFB dihydrodiol, rearranges the AFB dialdehyde (Figure 8 ), which reacts with Alb to generate a Lys adduct. 71, 120 The sites of adduction were reported to occur at Lys455 and Lys548 (Lys431 and Lys524 of the mature protein) of bovine albumin. 201 The sites of adduction to human Alb have not been reported, although human Alb contains Lys residues at these homologous sites as bovine Alb.
6.5.1. Correlation of AFB-Adducts with DNA and Albumin. Wild et al. 202 studied the binding of AFB to PP and liver DNA in male Wistar rats ( Figure 9 and Table 1 ). A constant ratio was found between levels of AFB bound to PP and that bound to liver DNA 24 h after a single dose. 101 In total, 0.98% to 2.15% of the administered dose was bound to the PP at this time point. In the chronic study, binding of AFB to PP was 3-fold higher than that after a single dose, and DNA-adducts increased by 2.5-fold. The DNA and PP adducts levels reached a plateau between days 7 and 14 of treatment. Fractionation of the PPs showed that all detectable bound AFB was associated with a single protein corresponding to Alb. Thus, a constant ratio was observed between the concentration of Alb-bound AFB and that bound to liver DNA, the target organ for carcinogenesis by AFB.
6.5.2. Stability of the AFB-Albumin Adduct and Elucidation of Adduct Structure. The radioactivity associated with Alb following administration of 14 C-AFB to rats was cleared with a half-life of 2.5 days, which is not significantly different from the half-life of unmodified Alb in the rat. 71 The product isolated from a pronase digest of in vivo modified Alb was identical to the synthetic product. The synthetic product was obtained by the acylase catalyzed deacetylation of the reaction product of N α -acetyl-L-lysine with AFB-dibromo and characterized by UV, fluorescence, 1 H NMR, 13 C NMR, 120 and fast atom bombardment mass spectrometry. 71 AFB-dibromo (in vitro) or AFB-epoxide (in vivo) react first with water to yield the same intermediate, the AFB-diol. The dialdehyde reacts with N ε of lysine to form a Schiff base or a 2,4,5-trihydroxypyrrolidine (THP) (Figure 8 ). THP loses two water molecules to yield the 5-hydroxy-pyrrole (5HP), which is known to tautomerize to 5-oxo-3-pyrroline and 5-oxo-2-pyrroline in a ratio of 9 to 1. 120 The 1 H NMR and 13 C NMR spectra supported the proposed structure with the coumarin unit attached to the 3 position of 5-oxo-3-pyrroline (AFB-Lys). 120 This structure was confirmed 12 years later by Guengerich et al. 201 AFB adducts with other proteins? Organ perfusion experiments were performed with livers from male Wistar rats. 203 The perfusate contained an AFB dose equivalent to 8 mg/kg body wt and was recirculated for 2−2.5 h. Alb, synthesized and excreted by the perfused liver during this time, was isolated, digested with pronase, and analyzed for AFB-Lys. The experiment was repeated by adding histones, globulin, or Alb to the perfusate. The presence of these proteins in the perfusate did not substantially alter the binding of AFB, to Alb (721 ± 197 pmol/mg Alb), indicating that that metabolism of AFB in the perfused liver is unaltered by the protein additions. AFB-Lys. These findings indicate that in the perfused liver secreted protein-reactive AFB is produced and suggests that AFB metabolites react in the cell and in the recirculating system with Alb.
Okoye et al. 204 reported in an experiment with rats treated simultaneously with [ 3 H]AFB and L-[ 14 C]leucine that the majority (>90%) of rat serum AFB-Alb adduct was formed by a modification of the protein at the time of its synthesis in the hepatocyte. This finding further indicates that Alb adducts are a dosimeter for degree of modification of DNA in hepatocytes.
In human samples, AFB-Lys was not found in Alb depleted plasma, demonstrating that binding occurred almost exclusively to Alb. 203 Therefore, whole serum was digested with pronase, and the adducts were purified using an AFB-monoclonal antibody immunoaffinity chromatography and quantified by HPLC with fluorescence detection. It should be noted that the recovery of AFB-Lys adduct is lower from digestion in whole plasma than in the presence of purified Alb. 205 This was shown by spiking rat serum in to both a solution of human serum Alb and in to human serum. The recovery of AFB-Lys was 78% ± 10% in the presence of serum.
6.5.3. Quantification of AFB-Albumin Adducts by Immunological, Fluorescence, and LC-MS Methods in Figure 8 . Alb adducts of AFB 71, 120 and isocyanates 121 found in vivo. The phenolic OH of AFB-Lys and AFB-dialdehyde is deprotonated at pH 7.4 (bathochromic shift of the UV-spectra pH 4.0 to pH 7.4).
71,101
Figure 9. DNA-and plasma protein-adducts of AFB in rats. 202 In a separate experiment, it was shown that among the plasma proteins only Alb formed adducts with AFB. 202 
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Perspective Human Studies. Adducts of AFB with Alb have been measured by ELISA, 206 HPLC-fluorescence, 71, 120, 203 or by isotope dilution mass spectrometry (IDMS). 115, 207, 208 The results obtained from quantitation with ELISA and with HPLC-fluorescence were compared in several studies. 101, 114, 209 Wild et al. 101 observed a 10-fold higher level of AFB-Alb adducts when measured by ELISA than by HPLC-fluorescence in human sera from Kenya, 101 while the difference in sera from rats treated with AFB was 4-to 5-fold greater than the level measured by HPLCfluorescence. Scholl compared the performance of the ELISAmethod, HPLC-fluorescence method, and the IDMS method using samples from an acute aflatoxicosis outbreak in Kenya. 115 The Deming regression slopes for the HPLC-fluorescence and ELISA concentrations as a function of the IDMS concentrations were 0.71 (r 2 = 0.95) and 3.3 (r 2 = 0.96). When the samples were classified as cases or controls, based on clinical diagnosis, all methods were predictive of the outcome (p < 0.01). IDMS was the most sensitive technique, and HPLC-fluorescence was the least sensitive method.
China and Africa have the highest intake of AFB and the highest incidences of liver cancer. 210 Molecular epidemiological studies in populations exposed to AFB have been summarized recently. 64,210−212 Studies were undertaken to explore the relationship between dietary intake of AFBs, the serum Alb adducts, the hepatitis B virus-carrier status, and the excretion of the major AFB-DNA adduct and other metabolites into the urine of chronically exposed people. The levels of Alb adduct AFB-Lys correlated well with the amounts of AFB-DNA adduct excreted in urine ( Figure 10) . 203, 205 Interestingly, the levels of AFB-Lys was about 4 times lower in females than in males with a similar AFB-intake in the Chinese cohort. 205 AFB-Lys adducts were assessed in populations of the United States during the Health and Nutrition Examination Survey 1999−2000. About 1% of the U.S. population had detectable levels (≥0.02 μg/L) of AFB-Lys. 213 Therefore, it appears that AFB exposure is mainly a health concern for developing countries.
6.5.4. Comparison of Albumin Adducts with Individual Susceptibilities and Cancer Prevention Measures. Dithiolethiones, including oltipraz and the unsubstituted molecule 1,2-dithiole-3-thione, are potent inhibitors of AFB-induced hepatic tumorigenesis in rats. 214−216 In rats fed 1,2-dithiole-3-thione, the overall reduction in the levels of hepatic DNA adducts, urinary AFB-guanine, and AFB-Alb adducts over the 2-week exposure period were 76%, 62%, and 66%, respectively. 214 Egner et al. 215 confirmed that long-term intervention with oltipraz produced a reduction in levels of the AFB-Alb biomarker at all times throughout AFB exposure. This parallel reduction of urinary AFB-guanine and serum AFB-Alb adducts levels relative to target organ DNA adduct burden implies that these biomarkers are noninvasive dosimeters, which can be used to evaluate the efficacy of chemoprotective interventions. 64, 211, 212 6.6. Isocyanates. Isocyanates are considered one of the main causes of occupational asthma. 217, 218 Isocyanate-induced asthma results usually from repeated exposure during which sensitization occurs. Alb adducts have been linked to the mechanism of occupational asthma caused by isocyanates. 219 Isocyanate−protein adducts trigger both immune responses and are probably the antigenic basis for isocyanate asthma. 219 In the past, Alb or plasma protein samples of isocyanate exposed workers were analyzed after treating the samples for several hours with base or acid. 102, 105, 220 Such treatments cleave many adducts nonspecifically. 221 However, with these harsh methods of hydrolysis it was not possible to determine if the biomarkers resulted from exposure to isocyanates or to the corresponding aromatic amines. In order to perform biomonitoring studies, putative reaction products of MDI with amino acids were synthesized in vitro. 106, 222 A method was developed to measure Alb adducts with isocyanates. 106, 121, 222, 223 Lysine adducts of MDI (= MDI-Lys and AcMDI-Lys) were found in Alb of exposed subjects (Figure 8 ). Alb was digested with pronase and analyzed with LC-MS/MS in the presence of the isotope labeled adduct standards. The major adduct MDI-Lys was found in factory workers and construction site workers. 106,224−226 This new biomonitoring procedure will allow assessment of suspected exposure sources and may contribute to the identification of individuals who are particularly vulnerable for developing bronchial asthma and other respiratory diseases after exposure to isocyanates. Recently, Alb was modified in vitro with isocyanates, 92,227−230 The in vitro modifications with MDI, TDI, and HDI yielded adduction sites with several Lys (Supporting Information, Table S1 ). The experiments were performed with a high ratio (1:1, 5:1, 10:1, and 40:1) of isocyanates (MDI, HDI, TDI) to Alb. 228−230 The high concentrations used for the experiment greatly exceeded the levels of human exposure. In industrial workers, the median adduct level of MDI-Alb was 30 fmol/mg Alb (= 0.002 mol MDI-Lys/mol Alb). 106 This adduct level is 300-fold less than the levels (0.59 mol/mol Alb) obtained from the in vitro experiment with the lowest dose of MDI 229 (MDI/Alb = 1:1). Therefore, such in vitro experiments should be performed with a ratio of isocyanate to protein equal to 1:10 and 1:100 in order to obtain values which are close to the in vivo situation and for reliable development of analytical methodology.
In order to determine adducts of toluene diisocyanates (TDI) with blood proteins, several reaction products of 2,4-toluene diisocyanate (24TDI) and 2,6-toluene diisocyanate (26TDI) with amino acids were synthesized in vitro. 231 Thereafter, adducts with Alb were determined in workers accidentally exposed to 24TDI and 26TDI (Figure 8) . 232 After digestion with pronase, the covalent adduct with lysine was identified. 232 This work presents a new procedure for the determination of isocyanate-specific Alb adducts. Isotope dilution mass spectrometry was used to measure the adducts in Alb present in workers exposed to TDI. 24TDI and 26TDI formed adducts with lysine ( Figure 8 ): 3A4MP-Lys, 5A2MP-Lys, and 3A2MP-Lys. 102, 220 In future studies, this method of hydrolysis with pronase can be applied to measure TDI-exposures in workers. Figure 10 . Correlation between the albumin adduct AFB-Lys and urinary AFB-guanine in Chinese males. 203, 205 Two outliers (white circles) were not included in the regression analysis.
Perspective
In patients with kidney disease, carbamylation reaction products with lysine of Alb were found. 233 Carbamylation is a nonenzymatic post-translational protein modification mediated by cyanate, a dissociation product of urea.
6.7. Polycyclic Aromatic Hydrocarbons (PAHs). Polycyclic aromatic hydrocarbons (PAHs) are carcinogens that are ubiquitous in the environment. Many methods were developed to assess the exposure to PAHs through DNA and protein adducts. 113, 234 Benzo[a]pyrene (BAP) is one prototypical PAH with major carcinogenic potential. BAP forms DNA-adducts, Hb-adducts, and Alb-adducts. Enzyme-linked immunosorbent assay (ELISA) and physical−chemical methods have been used to quantify the internal exposure to PAHs. ELISA is nonspecific due to cross-reactivity of the antibody with other PAHs. In the majority of studies, it was not possible to distinguish between exposed and nonexposed individuals using the ELISA method. 113, 234 The BAP Alb adduct levels obtained with ELISA were several orders of magnitude higher than those determined by physicochemical methods such as GC-MS, LC-MS, or HPLC-fluorescence or −UV detection. Alb adducts of (+)-anti-BAP-diol epoxide (BPDE) were analyzed in animal and human samples. Human serum Alb was reacted with the (+)-enantiomer (+anti-BPDE) ( Figure 11 ) and (−)-enantiomers (-anti-BPDE) of r-7,t-8-dihydroxy-t-9,t-10-epoxy-7,8,9,10-tetrahydro-BAP (anti-BPDE). 235, 236 The +anti-BPDE forms carboxylic ester adducts with Alb at either Asp187 or Glu188, while the −anti-BPDE forms N τ -histidine adducts at His146, His-BPDE, BPDE-His-Pro, and BPDE-His-Pro-Tyr.
Alb was digested with pronase and analyzed with HPLC and line induced fluorescence (HPLC-LIF). In human samples, Özbal et al. 237 found BPDE-His-Pro adducts using HPLC-LIF. Alb was digested with pronase and purified with immunoaffinity columns. The adduct levels ranged from <0.04 to 0.77 fmol/mg Alb in nonsmoking and smoking individuals in the general population. However, the study could not distinguish between the different types of exposure to BAP. The BPDE-Alb adducts were detected in 28% of the potentially exposed subjects. 238, 239 In a limited number of studies, adducts from BPDE bound as esters to Alb (assumed to be (+)-anti-BPDE adducts) have been measured by MS methods as tetrols, after their release from Alb by mild hydrolysis. Cohorts without occupational exposure showed mean adduct levels in the range 0.01−0.1 fmol/mg Alb. When BAP personal monitoring data were used as the criterion of exposure, 239, 240 no correlation was found with the levels of BPDE-Alb adducts. Undetected sources of PAH, such as the diet, might markedly distort the exposure profile generated with individual air sampling data and affect the frequency and levels of protein biomarkers.
A LC-MS/MS method employing TQ MS was developed to measure adducts of BPDE formed at His146 with in vitro modified human Alb. 241 This method was also applied to measure adducts at the homologous sequence in BAP-exposed mice (100 mg/kg of body weight for 1, 3, 7, and 28 days). BPDE-His adducts (BPDE-His-Pro and BPDE-His-Pro-Tyr) were recovered from pronase digestion of mouse Alb. The level was 400 times lower (calculated per gram macromolecule) than Figure 11 . Alb-adducts of BAP; EH = epoxide hyrolase. 235, 236, 241, 343 BAP-tetrols were obtained after pronase 235, 236 digestion or acid hydrolysis. 240 
Chemical Research in Toxicology
Perspective the level of BPDE-dG adduct in liver-DNA. 241 The specific and stable BPDE adducts to His in Alb are potential biomarkers of in vivo dose of BPDE, though this requires a considerable improvement in the sensitivity of the LC-MS/MS method.
6.8. Pesticides and Nerve Agents. Organophosphates (OPs) are a class of chemicals that are widely used as pesticides in agriculture. Many OP pesticides possess structural features in common to the nerve agents sarin and soman, which phosphylate a serine residue in the active site Acetylcholinesterase (AChE), resulting in inactivation of the enzyme as the mode of toxicity.
118, 164, 242 OPs also phosphylate Lys, and Tyr residues of proteins, resulting neurotoxicity, but independent of AChE activity. 243 The underlying mechanisms for OP neurotoxicity and the target proteins, are still unclear, but the mode of action most likely involves chemical modification of proteins. Many OPs react with Alb. 130,243−245 The Tyr411 is the primary residue of human Alb that reacts with OPs and nerve agents. Adduct formation has been characterized for dichlorvos, chlorpyrifos oxon, diisopropylfluorophosphate, and fluorophosphinate biotin. When Alb or plasma was treated in vitro with these OPs, additional adductions were identified at Tyr138, Tyr148, Tyr150, Tyr161, Ser232, Ser287, Tyr401, and Tyr452 of Alb.
130,246−250 ( Figure 12 , Table 1 , and Supporting Information, Table S1 ). Human Alb also possesses pseudoesterase activity through some of its nucleophilic amino acid residues. Esterase activity with p-nitrophenyl acetate has been attributed to the reactivity at Tyr411, which is the first amino acid residue of Alb to undergo acetylation. 251 The selective reactivity of Tyr411 for these toxic electrophiles has been explained in part by the microenvironment of Alb surrounding this amino acid. Tyr411 is situated in a binding pocket with Arg410 in the center of the drug-binding site II in subdomain IIIA of Alb. The phenolic OH group of tyrosine has a pKa of ∼10, whereas the pKa of the phenolic OH group of Tyr411 is lowered to 7.9 due to the electrostatic interaction with guanidinium ω-NH of Arg410, resulting in increased reactivity of Tyr411 with OPs and nerve agents. 252 Some OPs also form adducts at several Lys residues of Alb. 243 The Try411 of Alb was shown to be covalently modified in the serum of humans poisoned by dichlorvos. The dimethoxyphosphate adducted Tyr411 was identified in the serum of two patients who had attempted suicide with dichlorvos. The serum (10 μL) was digested with pepsin, and the Alb peptides VRY* 411 TKKVPQVSTPTL and LVRY 411 TKKVPQVSTPTL were purified by offline HPLC, and then adducts were detected by LC-MS/MS. 130 6.9. Atrazine. 2-Chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine) (Atrazine) is one of the most commonly used herbicides in the United States and used mainly for corn production. 253 In 2004, the application of atrazine was banned in the European Union. In the United States, atrazine and its metabolites are well dispersed in the environment and frequently detected in groundwater. 254 Atrazine is still one of the worlds' most heavily used herbicides, and due to its persistence, the safety of its usage remains a matter of controversy. 255 Atrazine undergoes metabolism primarily by P4501A2 to form diaminochlorotriazene, 256 which forms adducts with the Cys34 residue of rat and human Alb in vitro. 257 ( Figure 12 ) The Alb adduct was characterized by MS/MS, following digestion with thermolysin, and the sequence was characterized as the single missed cleavage peptide LQQC*PFEDH (the theoretical thermolysin digest is LQQCP). To our knowledge, this adduct has not been reported in humans.
6.10. Sulfur Mustard. Bis(2-chloroethyl) sulfide, commonly known as mustard gas, is a cytotoxic and vesicant chemical warfare agent and reacts with human Alb. Following trypsin digestion, the tryptic peptide containing Cys34 from amino acid residues from 21 to 41 was identified as a prominent site of adduction. 258, 259 MS/MS sequencing showed that the adduct formed at Cys34. A sensitive TQ MS method was devised by digesting the Alb with pronase and measurement of the tripeptide containing adduct S-[2-[(Hydroxyethyl)thio]-ethyl]-Cys-Pro-Phe. 258 The incomplete digestion of Alb by pronase to yield *Cys-Pro-Phe adducts of several HAA also has been reported. 88, 260 The S-[2-[(Hydroxyethyl)thio]ethyl]-CysPro-Phe adduct was successfully measured with only 3 mg of Alb purified from blood samples of Iranian victims of the Iran− Iraq war (1986), by TQ MS in the SRM mode. The limit of detection was reportedly 10-fold lower than that of the Edman degradation method to detect N-terminal Val adducts of Hb. 258 7. ADDUCT FORMATION OF CHEMOPREVENTIVE AGENTS 7.1. Isothiocyanates. Isothiocyanates (ITCs) found in cruciferous vegetables possess cancer preventive activity in animals, and increased dietary intake of ITCs has been shown to be associated with a reduced cancer risk in humans. 261 ITCs exert their cancer chemopreventive action by multiple mechanisms. 261−264 In cells, protein adducts account for most of the total cellular ITC uptake at 4 h after treatment. 265 The major urinary excretion products of ITCs in humans are N-acetyl cysteine conjugates, which are rapidly eliminated in urine within 24 h. 263 The measurement of these urinary metabolites may provide the exposure history of the last 24 h, However, the mercapturic acids of ITC are not stable, and stable biomarkers of ITC are required for large epidemiological and pharmacological studies. The effect of a drug is related to the drug concentration at the steady state level in the blood. However, for ITCs, the biologically active intermediate released from the cruciferous vegetables at intake is not stable. ITCs are released from glucosinolates (GLs), by the enzyme myrosinase, which occur in the same plants, separated cellularly from the GLs. Myrosinase mixes with the GL and effects the hydrolysis when tissues of plants are damaged or chewed. 266, 267 It has been shown that ITCs do not accumulate in the blood after chronic doses of cruciferous vegetables. 268 Stable, biological markers, which accumulate over time, are needed for clinical studies. Therefore, the measurement of stable blood protein adducts of ITC can provide an estimate of the dose necessary Figure 12 . Alb adducts of pesticides and sulfur mustard. 53, 130, 257, 258 Chemical Research in Toxicology Perspective to reach the therapeutic effect. A method was developed to determine stable reaction products of ITCs with Alb in humans. 269, 270 The ITCs formed adducts with lysine of Alb 269 ( Figure 13 ): BITC-Lys, PEITC-Lys, SFN-Lys, and AITC-Lys. The adduct levels were quantified by IDMS with a TQ MS, using the corresponding ITC-[ 13 C 6 15 N 2 ]Lys as internal standards ( Figure 14) . The applicability of the method was tested with biological samples obtained from different human studies. 269, 270 In humans consuming garden cress, watercress, or broccoli, the BITC-Lys, PEITC-Lys, and SFN-Lys were released from Alb after enzymatic digestion of the proteins and quantified by LC-MS/MS. This new analytical method will enable quantification of ITC adducts in blood proteins from large prospective studies investigating the role of dietary chemoprotective agents in cancer risk.
ADDUCT FORMATION WITH THERAPEUTIC DRUGS
Many therapeutic drugs of diverse structures and mechanisms of action undergo metabolism by Phase I or Phase II drug-metabolizing enzymes. Some of the pathways of metabolism can give rise to electrophilic, short-lived intermediates, which can covalently bind to various proteins (Figure 15−17) . 82, 144, 271, 272 The covalent binding sites of therapeutic drugs to Alb are summarized in Supporting Information, Table S1 . In contrast to the studies described in the former sections 6.1−6.8 and 7.1, most studies described in this section are qualitative. The detected adducts were not available as synthetic standards in order to perform a quantitation of the adduct levels.
8.1. β-Lactam Antibiotics. Allergenicity is a common response toward a wide-spectrum of antibiotics. 273 The β-lactam antibiotics, such as amoxicillin (AX), are among the most widely prescribed drugs and frequently elicit allergic reactions.
274, 275 The covalent adduction of AX, other antibiotics, and drugs to proteins is considered a key process for the allergic response. 274, 275 In the case of AX, covalent modification occurs through nucleophilic attack of the β-lactam ring and adduction by the ε-amino group of Lys in proteins (Figure 15 ). This process gives rise to a 
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274−276 Alb was the major plasma protein found to react with AX in vitro. 81 A comprehensive study showed that Lys190, Lys199, Lys351, Lys432, Lys541, and Lys545 (Table S1 , Supporting Information) were the major sites of reaction of AX with Alb ex vivo in plasma. 81, 277 Interestingly, the sites of Lys adduction can vary widely between subjects treated with the structurally related β-lactam antibiotic benzylpenicillin and was found to form multiple adducts in vivo with Alb in human subjects at Lys190, Lys195, Lys432, and Lys541. 278 
Nonsteroidal Anti-inflammatory drugs (NSAIDS).
UDP-glucuronosyltransferases (UGTs) are important conjugation enzymes and catalyze the glucuronidation of numerous drugs, endobiotics, and procarcinogens. 279 The UGT-mediated glucuronide (Gluc) conjugation of chemicals is generally considered as a mechanism of detoxication, and the Gluc conjugates are generally less biologically or chemically reactive than their parent compounds. 85 However, many carboxylic acid containing drugs including NSAIDS are metabolized by UGTs to form β-1-O-acyl glucuronides (AGs), which are able to form adducts with nucleophiles in proteins and may contribute to toxicity of NSAIDS. 276 Evidence for the covalent binding of AGs to Alb by MALDI TOF MS and by CID with a four-sector tandem mass spectrometer was provided by Ding et al. 83, 280 Tolmetin glucuronide (TG) was shown to bind to Alb via transacylation reactions to form adducts with Lys residues via displacement of the glucuronic acid moiety. Alternatively, a second mechanism of TG adduct formation involves migration of the acyl group to the 2-, 3-, or 4-hydroxyl groups of the sugar moiety; tautomerization of the pyranose ring to its aldose form; and condensation of the aldehyde group of the ringopened tautomer with a lysine ε-amino group on Alb to form an imine (Figure 15 ). Lys195, Lys199, and Lys541 were the most abundant sites for TG adduct formation. The glycated imine adduct predominated over the transacylated adduct, when limiting amounts of TG were reacted with Alb.
Alb has been shown to be the major target for many AGs in plasma because of its abundance and the presence of multiple accessible nucleophilic amino acid side chains. The relative contributions of transacylated and glycated adducts vary as a function of the structures of the AGs. In humans, both transacylated and glycated adducts of patients taking diclofenac were reported to form at Lys195 and Lys199 residues, when assayed by multiple reaction monitoring with a QTRAP MS. 281 Some NSAIDS containing the carboxylic acid moiety undergo bioactivation to form electrophilic acyl-coenzyme A thioester derivatives (acyl-CoAs); some of these conjugates exhibit greater reactivity with Alb than AGs to produce the same transacylated adducts. 276, 282, 283 8.3. Acetaminophen. Acetaminophen is primarily metabolized by conjugating enzymes to form stable Gluc and sulfate conjugates. 284 At therapeutic doses, acetaminophen is viewed as a safe drug. However, a small proportion of the drug is bioactivated by P450s to produce the highly reactive N-acetyl-p-benzoquinoneimine (NAPQI) intermediate, 285 which is detoxicated by conjugation with glutathione ( Figure 15) . At elevated doses, NAPQI alkylates proteins via a Michael addition reaction with nucleophilic cysteine thiol groups and induces toxicity. 30, 31, 286 Hoffman and co-workers initially reported that NAPQI adducted to bovine Alb via a thioether linkage formed between the Cys34 and the C-3 position of NAPQI. 287 More recently, Damsten and colleagues developed a bioanalytical scheme to characterize the adducts formed between Alb and NAPQI in humans. 116 The Cys34 residue was also identified as a major site of adduction with human Alb, and two regioisomer C*PF tripeptide NAPQI adducts were identified by TQ MS, following proteolysis of the Alb with pronase E. This method was then successfully applied to detect the adducts in subjects who had taken high levels of acetaminophen (Figure 16 ). 116 The identity of the adduct was confirmed by its product ion spectrum (Figure 16 ). Cooke and colleagues showed that the single amino acid C*-NAPQI adduct could be recovered from Alb following digestion with Protease type XIV from Streptomyces griseus. An alternative approach employed pepsin to digest NAPQI-Alb adducts in the mouse and also showed that the Cys34 was a major site of adduct formation. 117 
Nevirapine (NVP)
. NVP is a non-nucleoside reverse transcriptase inhibitor used against human immunodeficiency virus type-1 (HIV-1). Despite its clinical efficacy, NVP is associated with a variety of toxic responses that include hepatotoxicity and skin rash, which are thought to be attributed to the reactive metabolites that bind to proteins. 288 One important bioactivation pathway involves the P450 oxidation of the 4-methyl substituent to 4-hydroxymethyl-NVP (12-OH-NVP). This metabolite has been proposed to either undergo further oxidation to produce the quinone methide or undergo an esterification mediated by sulfotransferases to produce 12-sulfoxyl-NVP; both are reactive metabolites and can adduct to macromolecules (Figure 17) . 22, 288 The benzylic sulfate derivative, catalyzed by sulfotransferase 1A1*1 in the skin, is thought to be responsible for protein adduct formation and the development of skin rash in rodents and humans. 22 In contrast, the majority of protein binding in rodent liver model appears to be attributed to the quinone methide, which is the direct P450 oxidation product of NVP. 288 Single amino acid adducts were synthesized with 12-mesyloxy-NVP. 289 Meng et al. examined the reactivity of 12-sulfoxy-NVP with Alb and found that at a 50-fold mol excess, the drug bound selectively to His146, His242, His338, and Cys34, but no Lys adducts were detected (Table S1 of the  Supporting Information) . 143 When equimolar concentration of 12-sulfoxy-NVP was reacted with Alb, His146 was the primary site of adduct formation. Antunes and co-workers used a 100-fold mol excess of 12-mesyloxy-NVP and found adducts at Trp214, Cys34, and several Lys residues. 143, 197 The differences sites of Alb adduct formation reported by these two groups may be attributed to the differences in the structures of the reactive intermediates, reaction conditions, or methods of MS analysis. The tryptic peptide R 145 H*PYFYAPELLFFAK 159 adducted with NVP at His146 was detected in four of the nine patients undergoing therapy with a dose of either 200 mg twice daily or 400 mg once daily for at least 2 weeks, by multiple reaction monitoring with the QTRAP MS. 143 The reaction of 12-sulfoxyl-NVP with proteins may occur through direct nucleophilic substitution. An alternative mechanism for Alb adduct formation was proposed to occur via a concerted elimination−addition mechanism, where the His146 residue or some other nearby basic residues in Alb acted as a general base, abstracting the proton from amide and promoting the elimination of the sulfoxyl group to form a quinone methide intermediate ( Figure 17 ). 143 
ENDOGENOUS ELECTROPHILES
Protein modification by reactive carbonyl species, particularly those produced by peroxidation of polyunsaturated fatty acids, are thought to play an important role in the etiology and/or progression of cardiovascular, diabetic, and neurodegenerative diseases.
3,290,291 Acrolein, among the 2-alkenals, is by far the strongest electrophile. 290, 292 Acrolein is a byproduct of lipid peroxidation 292 and also found at high levels in tobacco smoke with levels ranging from 51−223 μg per cigarette. 293 Early studies reported oxidative damage and carbonylation of proteins by the Western blotting technique, where oxidized proteins were derivatized with dinitrophenylhydrazine, separated by SDS−gel electrophoresis, and screened with antibodies against the dinitrophenyl groups. 294 Investigations by Uchida and co-workers using mass spectrometry showed that the reaction of acrolein with protein Lys of bovine Alb results in β-substituted propanals (R-NH−CH 2 −CH 2 −CHO), to form the N ε -(3-formyl-3,4-dehydropiperidino)lysine adduct, and the stable adduct N ε -(3-methylpyridinium)lysine is prominently formed in oxidized low-density lipid proteins.
196,295
Figure 17. Alb adduct of NVP. 143, 197, 288, 289 Chemical Research in Toxicology PP show differences in susceptibility to oxidative modification: Alb was reported to be the main protein in plasma carbonylated in chronic kidney disease and hemodialysis patients, when assessed by Western blotting. 296 Increased levels of carbonylated plasma proteins have been observed in smokers, with Alb being the major carbonylated protein in bronchoalveolar lavage fluid of elder smokers. 13, 297 Certain α,β-unsaturated aldehydes present in the mainstream cigarette smoke extract induced Alb carbonylation. 297 Many α,β-unsaturated aldehydes, including acrolein and crotonaldehyde, selectively reacted with the sulfhydryl group of Cys, the imidazole group of His, and the ε-amino group of Lys (Table S1 of the Supporting Information) . 90, 292, 295, 298 These electrophiles depleted the Alb Cys34 free thiol and markedly decreased the levels of free Lys residues by formation of covalent carbonyl adducts. Acrolein and crotonaldehyde were reported to form Michael adducts at Cys34, His39, Lys351, and Lys525, and acrolein formed a Schiff base with Lys541 and Lys545 297 ( Figure 18 ). The binding sites of endogenous compounds with Alb and the sites of oxidative stress in Alb have been summarized in Table S1 (Supporting Information).
Aldini et al. established a method employing TQ MS and the precursor ion scan mode to monitor Michael adducts formed at the Cys34 of Alb.
5 Following treatment with NaBH 4 , the modified Alb was digested with a mixture of trypsin and chymotrypsin to produce LQQC*PF-adducts, which were monitored by precursor ion scan mode using unmodified y2 ) was an order of magnitude higher than that of GSH (3.81 M −1 s
−1
). In contrast to these findings, Szapacs and co-workers reported that the HNE formed a Michael adduct at His246 as the primary site for adduct formation with Alb. 89 The low predicted pKa value His246 was proposed to account for its high reactivity toward HNE. The different preferred sites of HNE binding to Alb reported by these two laboratories may be attributed to different reactions conditions employed for study: Aldini conducted reactions of HNE with plasma, followed by Alb purification and proteolysis with a mixture of trypsin and chymotrypsin, whereas Szapacs reacted HNE with purified Alb and digested the modified protein with trypsin. The data-dependent scanning modes opposed to the targeted MS/MS conditions used in these two studies also may have detected different adducted peptides. By employing the precursor ion scanning mode, Witort and colleagues showed that acrolein was the main reactive carbonyl species that adducted to Cys34 of Alb in vivo, and the adduct level increased by almost 4-fold during ischemia-reperfusion injury in patients undergoing hepatectomy. 299 Using an HRAMS Orbitrap, Goto reported that oxidation (+16 Da) occurred at the Tryp214 of the tryptic peptide sequence A 213 WAVAR 218 and glycation (+162 Da) at the Lys525 residue of the tryptic peptide K 525 QTALVELVK 534 of pooled Alb from healthy subjects. 300 
CHALLENGES AND EMERGING TECHNOLOGIES IN MEASURING ALBUMIN−TOXICANT ADDUCTS IN HUMANS
10.1. Multiple Exposures and Adductomics. Urban pollution, tobacco smoke, diet, some medicines, pesticides, and endogenously produced electrophiles are thought to contribute to the etiology of cancer, cardiovascular, neurotoxicity, and other diseases. 6, 227, 24, 290 Thus, biomarkers of a large number of toxicants are required for risk assessment of global exposure. 6, 301 With the advances made in hyphenated mass spectrometric instrumentation over the past decade, particularly HRAMS with tandem and multistage scanning, and the advanced proteomic technologies, it is now possible to identify and locate the sites of xenobiotic adduction to Alb. Thus, there is considerable incentive to examine the reactivity of Alb with other environmental toxicants to assess human exposure to multiple classes of hazardous chemicals. Biomonitoring of protein adducts is part of the exposome initiative. 302, 303 However, techniques employing protein adducts to simultaneously measure exposure to multiple toxicants have not advanced rapidly mainly because of the shortage of analytical methods to assay protein adducts derived from low levels of chemical exposures in complex mixtures. 154, 304 Is it feasible to determine hundreds of Alb-adducts at the same time and create an exposome database? Unmodified, or post-translational modifications, 305 glycation products, 306, 307 and oxidative products of proteins 308−311 can interfere with the quantification of Alb adducts formed with environmental and occupational toxicants and xenobiotics. The levels of Alb-adducts of xenobiotics are usually 10-to 1000-fold Figure 18 . Identification of Michael adducts and Schiff base adducts of acrolein and 4HNE formed with Alb. Alb was treated with NaBH 4 to stabilize adducts prior to proteolysis. 5, 89, 299, 344 Chemical Research in Toxicology Perspective lower than the levels of endogenous adducts, and many adducts formed with dietary and environmental carcinogens can occur at even lower levels. The digests of Alb-carcinogen adducts obtained by pronase or trypsin contain vast amounts of excess unmodified amino acids or peptides, which can result in ion suppression effects or contain isobaric chemicals that interfere with the LC-MS analysis. 312 Therefore, selective enrichment procedures are required to isolate Alb-adducts for MS measurement. HRAMS instruments are expected to play an important role in Alb adductomics.
A number of the Alb adduct structures described in this perspective have been deduced by MS; however, the structures of some adducts are ambiguous. For rigorous analysis, the chemical identities of new adducts should be established by spectroscopic characterization that includes 1 H NMR and 13 C NMR, combined with mass spectral data, and other spectral criteria to fully support identification. The reliable identification and quantitation of adducts in humans require fully characterized standards and stable isotopically labeled internal standards to fulfill the requirements of validated measurements of toxicants in humans.
A number of Alb-adducts formed with drugs or endogenous electrophiles have been identified in humans. 94, 116, 130, 134, 143, 281, 299 Many of these adducts were characterized as tryptic peptides, and the sites of adduction were determined by peptide sequencing using LC-MS/MS. The dosages of drugs exceeded 100 mg or greater, and levels of endogenous electrophiles in plasma can exceed micromolar concentrations. 313 These high levels of chemical exposures greatly facilitated the analyses. In contrast, the exposures to environmental, tobacco, and dietary carcinogens often occur at amounts of μg or less per day, resulting in considerably lower levels of chemical modification of Alb. For example, the cooked meat carcinogen, PhIP, has been reported to form adduct(s) with Alb in humans at a level of ∼500 pg PhIP/g Alb or approximately ∼1.5 PhIP molecules bound per 10 (7) molecules of albumin, based on accelerator mass spectrometry measurement. 73 The measurement of Albcarcinogen adducts at these low levels of modification remains a challenging endeavor even for the most sensitive of HRAMS instruments. In the case of the LQQC*PFEDHVK sulfinamide adduct of PhIP, the signal of response of the parent amine released by acid hydrolysis of adducted peptide was more than 10-fold superior to that of the intact peptide adduct, when assayed by LC-MS/MS. 125, 195 The relative sensitivities of peptide adduct responses are expected to be dependent on the basicity of the toxicant and the peptide sequences. Systematic studies have not examined the signals of response of peptide adducts versus the hydrolyzed carcinogen/toxicant products under ESI conditions, and such studies merit investigation for devising optimal approaches to measure Alb adducts in humans.
Thus far, the successes in measuring Alb-carcinogen adducts in humans have largely been with those adducts that are cleaved from Alb by acid or base treatment (i.e., Cys-BQ or BAP tetraols), or by the extensive digestion of Alb with a mixture of proteases to produce mono-amino acid adducts (AFB-Lys adducts). The physicochemical properties of these covalently adducted amino acids or carcinogen hydrolysis products are sufficiently distinct from nonmodified amino acids or peptides that selective enrichment procedures could be developed to isolate and assay these Alb adduction products. The use of trypsin or other specific proteases to digest Alb produces defined peptides where sites of the toxicant adduction can be precisely located by MS/MS sequencing. These types of analyses provide information about the sites of adduction to Alb, which are usually lost when digestions are done by pronase or acid/base hydrolysis, unless adducts are formed and retained to the solitary Cys34 or Tryp214 residues of Alb.
Proteases, such as trypsin, can produce long peptides such as the T3 tryptic peptide A 21 LVLIAFAQYLQQCPFEDHVK 40 , whereas pronase digestion yields mono-, di-, or tripetide Cys containing adducts. The logD values (pH dependent octanol − water partition coefficient) of modified and unmodified peptides are often very similar if the adducted chemical is small such as sulfur mustard: the maximum calculated (MarvinSketch, www. chemaxon.com) logD for S-[2-[(hydroxyethyl)thio]ethyl]CysPro-Phe (HETE-CPF) is −1.97 at pH 5.5 versus the unmodified CPF at logD = −1.94. However, adducts formed with benzene and 4ABP (sulfonamide-adduct with sulfur of Cys) yield logD values of −0.17 and −0.12, respectively, at pH 5.5. For adducts of single amino acids, the influence of the adduct on the logD is even larger than the effect on a tri-or oligopeptide containing adducts. For Cys adducts formed with longer peptides such as the T3 peptide, the influence of the adduct on the logD values is considerably smaller. For example, for a sulfonamide adduct of 4-ABP with Cys of the T3-fragment the highest logD value is at −10.3 (pH 4.0 = pH with the maximum level of the logD), compared to the unmodified T3-fragment with a logD of −10.4 at pH 4.0. Thus, more facile enrichment and chromatographic separations of small molecular weight peptide adducts may be achieved than for the corresponding tryptic adducts, where the influence of the adduct on the logD is greatly diminished. For the analysis of MDI-Alb adducts in workers, the single amino acid adduct (MDI-Lys) released after pronase digestion can be detected at lower levels 106 than the MDI-peptide fragment released after trypsin digestion. 314 In the case of the Alb adduct of sulfur mustard, the tryptic T3 adducted peptide could not be found in human samples, 258 whereas the C*PF sulfur mustard adduct, obtained by pronase digestion, was identified in human samples. 315 Prolonged gradients may be required for complete resolution of adducts obtained from tryptic digests of Alb. 93, 154 Multiple strategies will be required for adduct enrichment and will be influenced by the structures of the toxicants, the chemical stabilities of the linkages, and the site(s) of adduction to Alb.
10.2. Subadductomics Approaches to Screen for Albumin Adducts. Subadductomic approaches to measure certain classes of carcinogens have already been achieved. For example, a dozen aromatic amines have been simultaneously monitored by their common site of adduction at the β-Cys93 residue of Hb in the form of the arylsulfinamide linkage, 79, 190 and a number of alkylating agent adducts formed at the N-terminal Val of Hb also can be measured. 52, 316 However, novel screening approaches are needed to biomonitor other classes of toxicant adducts formed with Alb. One approach under development by Rappaport and colleagues is the selective enrichment of peptide adducts formed at Cys34 of Alb by means of a thiol affinity resin. 153 This technique removes the large excess of nonmodified mercaptalbumin from the tryptic digest, resulting in an enriched fraction of tryptic peptide adducts at the Cys34 of the T3 peptide A 21 LVLIAFAQYLQQC*PFEDHVK 40 . This enrichment procedure, followed by DDA with an Orbitrap, led to the detection of 43 features at T3, including Cys34 sulfinic and sulfonic acids, several mixed disulfides, and small molecular weight alkylating agents. 93, 94, 154 The screening technique detected a presumed adduct of acrylonitrile, but it failed to detect T3 adducts of other prominent carcinogens formed in tobacco smoke
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Perspective such as acrylamide, benzene and butadiene, among others. 94 Another enrichment approach has been to design a polyclonal anti-T3 antibody of Alb that could be employed to capture Cys34 adducts in tryptic digests of Alb. 317 These enrichment methods and bioanalytical approaches are promising, but they require further improvements in LC-MS analyses and more comprehensive scanning methods, such as DIA, particularly for those adducts formed at low abundance. One possible lead may be to further digest the enriched T3 peptide adducts with Pronase to obtain smaller molecular weight peptide adducts, which may be more sensitive toward ESI and also provide characteristic fragment ions associated with the toxicant.
The Tyr138, His146, Lys199, Lys351, Tyr411, and Lys525 represent other nucleophilic hotspots of Alb and react with different classes of electrophiles. Antibodies raised against Alb peptides containing these nucleophilic sites could be used for enrichment of adducted peptides by immunoaffinity chromatography. Depending upon the specificity and affinity of the antibodies, the antibodies may be used to either enrich adducted peptides (if they are recognized) or deplete the digest of vast excess of nonmodified peptides to facilitate the analyses of adducts.
Biotinylated probes with different functional groups have been employed to enrich several different classes of adducts including enals. 318 This approach may be exploited to examine specific classes of Alb adducts as another subadductome approach. Offline HPLC prepurification of Alb digests and the collection of specific regions of the chromatograms can be devised to enrich certain classes of peptide adducts prior to LC-MS. However, other techniques and chemistries must be devised to selectively isolate peptide adducts from multiple classes of toxicants.
10.3. Human Albumin Transgenic Mouse Model. Many studies have employed rodent models to investigate the reactivity of toxicants with Alb. However, the differences between the sequences of human and rodent serum Alb can result in the formation of different adducts or adducts with nonhomologous sequences, and thus, the rodent biomarker is not directly transferable to human studies. For example, the differences in sequence surrounding the Cys34 of human and mouse Alb lead to different sized peptides recovered by proteases. Recently, a human Alb-transgenic mouse model was created. 319 Immunoblot and mass spectrometry analyses showed that the transgenic human Alb protein was a full-length, mature protein that coexisted with endogenous mouse Alb. Further improvement in this model in which only the human Alb gene is produced is under development. This "humanized" mouse model can be used to examine human Alb adduct formation in mice exposed to multiple common environmental, tobacco, dietary, medicinal, and other toxicants. Such studies could never be conducted in humans because of the potential toxicities of these complex mixture of chemicals. The humanized Alb mouse model represents a significant advance in screening tools for Alb adductomics biomarker research.
10.4. Identification of Unknown Adducts in Humans. The unambiguous identification of toxicants adducted to peptides is another challenge in protein adductomics. MS/MS sequencing of Alb peptides allows for identification of the peptide and location of the site of adduct formation. However, the CID of peptide adducts often does not result in appreciable cleavage of the toxicants and generation of their fragment ions. Therefore, the analyst only has the addition of the mass to the peptide as information to decipher the identity of the toxicant.
The employment of multistage scanning (MS n ) with ion trap instruments may be used for the spectral characterization of some types of adducts which contain basic functional ionizable groups. 165, 320 The use of high-energy collision dissociation can fragment the covalent links formed between some toxicants and Alb and provide additional mass spectral data to characterize the structure of the covalent linkages. 165, 195 Analytical challenges remain in the acquisition of high quality product ion spectra of peptide adducts present at low levels in a complex proteolytic digest. Programs such as Skyline, 321 DIA Umpire, 322 and others under development will be required to deconvolute spectral data to identify precursor and product ions of peptide adducts. 155 However, the identification of unknown peptide−toxicant adducts at low abundance will be demanding, particularly because there are no databases available for this purpose. 6, 154 Chemical databases and molecular weights of masses added to peptides can be searched by online tools to facilitate the identification of putative adducted masses to Alb, including The National Institute of Standards (http:// webbook.nist.gov/chemistry/); Unimod protein modifications for mass spectrometry (www.unimod.org); The Association for Biomedical Resource Facilities (https://abrf.org/delta-mass); The Human Metabolome Database (www.hmdb.ca/ metabolites); PubChem (http://pubchem.ncbi.nlm.nih.gov); the US Environmental Protect Agency CompTox Dashboard (https://comptox.epa.gov/dashboard); the NIH LiverTox database (http://livertox.nih.gov/); m/z cloud Advance mass spectral database (https://www.mzcloud.org/); and Institute of Chemical Sciences and Engineering (http://www.chemcalc. org/). Ultimately, the proposed toxicants or their metabolites must be reacted with the peptides, and the resulting adducts sequenced by MS/MS and MS n , and coeluted with the Alb adducts formed in vivo for unequivocal identification.
CONCLUSIONS
Many carcinogen adducts formed with human Alb samples have been measured following chemical hydrolysis or pronase digestion of Alb. Such hydrolysis procedures often yield the released parent compounds, oxidized metabolites, or small molecular weight peptide adducts, which can be facilely isolated from the bulk of Alb and analyzed. Proteases such as trypsin or a combination of trypsin/chymotrypsin have been used to digest Alb adducts formed with many xenobiotics. The MS analyses have revealed that the sites of adduct formation with Alb are driven not only by the reactivity of nucleophilic amino acid sites and their accessibility but also by the noncovalent interactions of the toxicant within the different microenvironments of Alb, which guide the sites of toxicant adduction. As more sites of adduction of toxicants to Alb are characterized, a clearer understanding of the relationship between the toxicant structures and their preferred site of adduct formation with Alb may become apparent and facilitate the development of multiadductomic approaches to nucleophilic hot-spot sites within Alb. Such studies are underway with adducts formed at Cys34 of Alb. 6, 93, 94 Exposome-based studies on Alb adducts will undoubtedly require the development of multiple types of bioanalytical schemes for digestion of Alb and enrichment of adducts, and their ensuing measurements by different MS instruments. , multistage scanning; MDI, 4,4′-methylenediphenyl diisocyanate; MOCA, 4,4′-methylenebis(2-chloroaniline); MWC, molecular weight cut off; 2MA, 2-methylaniline; NPO, naphthalene-1,2-oxide; NPOS1, 1-sulfanyl-dihydronaphthalene-2-ol; NPOS2, 2-sulfanyl-dihydronaphthalene-1-ol; NPO1-S-TFA, S-naphthalen-1-yl trifluoroethanethioate; NPO2-S-TFA, S-naphthalen-2-yl trifluoroethanethioate; 1,2-NPQ-S-TFA, 4-[(trifluoroacetyl)sulfanyl]naphthalene-1,2-diyl bis(trifluoroacetate; 1,4-NPQ-S-TFA, 2-[(trifluoroacetyl)-sulfanyl]naphthalene-1,4-diyl bis(trifluoroacetate); 1,2-NPQ, 1,2-naphthoquinone; 1,4-NPQ, 1,4-naphthoquinone; NSAIDS, nonsteroidal anti-inflammatory drugs; Nvp, Nevirapine; OPs, organophosphates; P450, cytochrome P450; PAHs, polycyclic aromatic hydrocarbons; PBI, protein binding index; 1-PE, 1-phenylethanol; 2-PE, 2-phenylethanol; PP, plasma proteins; NVP, nevirapine; PAHs, polycyclic aromatic hydrocarbons; PEITC, phenylethyl isothiocyanate; PhIP, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine; QTOF MS, quadrupole time-offlight mass spectrometry; QTRAP MS, hybrid triple quadrupole/linear ion trap mass spectrometer; IQ, 2-amino-3-methylimidazo[4,5-f ]quinoline; IT, quadrupole ion trap (IT); SRM, selected reaction monitoring; SDS−PAGE, sodium dodecyl sulfate−polyacrylamide gel electrophoresis; SPC, Sphenylcysteine; SG, styrene glycol; SO, styrene-7,8-oxide; TOF MS, time-of-flight mass spectrometry; TDI, toluene diisocyanate; 24TDI, 2,4-toluene diisocyanate; 26TDI, 2,6-toluene diisocyanate; TG, tolmetin glucuronide; THP, 2,4,5-trihydroxypyrrolidine; TQ MS, triple quadrupole mass spectrometry; UGTs, UDP-glucuronosyltransferases ■ REFERENCES 
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